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ABSTRACT

The availability of authentic hydrocarbon samples in the
substituted indane and tetralin families would facilitate the anal-
ysis of certain fossil fuel mixtures, We have developed general
procedures for the efficient preparation of simple alkylated in-
danes 1 tetralins 2 from common precursors. We have exam-
ined the 13C NMR and mass spectral fragmentation data for
hydrocarbons 1 and 2 in detail.
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INTRODUCTION

Deterioration in fuel quality with time has been a continuing problem in the utilization of
middle distillate fuels. These stability problems will intensify as we develop alternative sources
of fuel, such as shale oil and coal. Present knowledge has suggested that for some fuels, nitrogen
heterocycles may play a causative role in the formation of insoluble sediments and gums under con-~
ditions of ambient and accelerated storage (1). In light of the high costs of fuel processing, sub-
stantial savings could be realized if it were possible to identify those nitrogen heterocycles which
are most actively involved in the formation of insoluble material, Currently, it appears that rela-
tively non-basic nitrogen heterocycles, particularly those which contain alkyl groups in certain
positions, may be the most troublesome (2)., However, in other fuels and under different test con-
ditions, basic nitrogen compounds may play a significant role (3).

In addressing this subject, we are defining the stability of shale-derived diesel fuel marine
(DFM), stressing the sample under accelerated storage conditions, and determining the amount cf
total insoluble material produced, This report describes results chiained when 2,5-dimethylpyrrole
(DMP) was used as a dopant in 2 time-iemperature-concentration matrix, Results of a survey of
other nitrogen compounds as fuel additives are also presented,

EXPERIMENTAL

Storage Test Techniques

The experimental procedures used were developed from reported methods (2). In summary,
300 ml samples of filtered fuel were stressed in the dark in 500 ml screw-cap borosilicate Erlen-
meyer flasks (Teflon-lined caps). Al samples were run in duplicate, Vented tests were accom-
plished by using modified screw caps which were drilled to hold 6 mm glass tubing (with glass wool
plugs). After stress, test flasks were allowed to cool to room temperature before being filtered
under slight vacuum through a double layer of Gelman glass fiber filter paper. Flask contents
were then rinsed with several ml of n-heptane, with additional sediment being collected on the filter
paper. The filter cake was rinsed with n-heptane to remove adsorbed fuel. The flasks and filter
holders were heated (120°C) under vacuum for twelve hours, allowed to equilibrate on a benchtop
(several hours), and accurately weighed several times on an analytical balance, Appropriate blank
flask/filter holder corrections were applied, Filtrable sediment values were qbtained from the
corrected net weight change of the filter holder with adherent gum values determined from the weight
change of the test flask (4).

Reagents
The base fuel for the present study 18 DFM refined from Paraho crude shale oil by SOHIO.

This fuel, produced in the U.S. Navy's Shale~-II demonstration, is well-characterized (4). It was
avallable with (sample ""D-1") and without (sample "D-11"") antioxidant added. The antioxidant, 2,4-
dimethyl-6—t-butylphenol (AO-30), was present at the 24 mg/1 level in fuel D-11, No other additives
were present in either sample, All nitrogen compounds used as dopants were pure by NMR, capil-
lary GC, and/or mp. Fresh DMP was stored frozen under nitrogen so as to prevent autoxidation
and it remained colorless under this storage. The concentration matrix was prepared by appropri-
ate dilution of a quantity of stock-doped fuel solution (typically 450 ppm w/v nitrogen).

RESULTS AND DISCUSSION
Accelerated fuel stability tests are important to the producers of fuels and to those perform-

ing research on chemical instability phenomena (5). The majority of these tests measure sediment
weight in order to estimate fuel instability, and test temperatures have varied between ambient and



150°C. Although higher temperatures enable storage tests to be completed in minimum time peri-
ods, the accompanying uncertainty of the significance of the observed conditions may be dominant.
Figure 1 summarizes a time-temperature matrix for several accelerated fuel stability tests which
have appeared in the literature. It is noteworthy that a majority of the stability tests depicted fall
close to the solid line, which represents a doubling of test time for each 10°C drop in temperature.
The line extrapolates to approximately one year of ambient storage, The present study has concen-
trated on the lower temperature range (43, 65, and 80°C) in an effort to examine the reliability of
using such accelerated storage tests as measures of ambient stability. As indicated by Figure 1,
stress times were selected to bracket the solid line at each of the three temperatures.

The promotion of sediment formation in fuels by DMP has been reported to be a facile process,
characterized by an activation energy of 10-15 keal/mol (1,2). When subjected to storage at 43°C
for periods of time ranging from 52 to 179 days DMP-doped Shale-II DFM formed large amounts of
insoluble material, The DMP was added to samples D-1 and D-11 at concentrations of 0, 45, 135,
270 and 450 ppm N (w/v), and vented trials were also conducted at 45 and 450 ppm. The deviation
between duplicate stress samples was small and indicated very good reproducibility for the test pro-
cedure. In general, the adherent gum comprised only 5-10% of the total insolubles. Venting of test
flasks did not affect the amount of insoluble material formed. In a similar manner, the presence of
the antioxidant (AO-30) in D-11 was of no consequence.

The DMP test matrix at 80°C (stress lengths 4-28 days) provided reaults which compared ex-
ceptionally well with those obtained at 43°C. In general, results at 65°C (11-50 days) also showed
good agreement with the other two temperature regimens, although agreement between duplicates was
somewhat less satisfactory at this temperature., The results for 80°C stresses of DMP-doped D-1
are shown in Figure 2, The first-order type of behavior which was observed with DMP is illustrated
in Figure 3. At all temperatures examined, the amount of total insoluble material formed was
directly proportional to the initial concentration of DMP. Furthermore, nitrogen balance calculations
are able to account for all of the DMP (after stress) as either unreacted or incorporated into the sedi-
ment produced, Nitrogen-specific capillary GC (Hall detector) did not detect any nitrogenous inter-
mediates in the liquid phase.

The sediments produced in all msfances have been found to be rich in nitrogen (ca. 12% by
weight), and an empirical formula of Cg_ 3Hg 7N01 4 has been determined (oxygen by direct analysis).
The energy of activation for the production of total insolubles was calculated to be 11,7 and 11.6
keal/mol for fuels D-1 and D-11, respectively. No induction periods were observed.

Filtrate hydroperoxide levels were determined in stressed samples by iodometric titration
(ASTM D-1583-60). DMP-doped DFM samples exhibited very low peroxide numbers after stress,
The DMP either prevents hydroperoxides from forming, or else reacts with any hydroperaxides
which have formed. Results obtained in benzene indicated that formation of hydroperoxides from
solvent molecules is not a prerequisite for DMP-promoted sedimentation, Mechanistic studies are
continuing, Figure 4 shows the peroxide numbers obtained for D-1 and D-11 fuel blanks (un-doped)
after 80°C stress. The antioxidant present in D-11 was seen to protect the fuel out to about 21 days,
at which point the peroxide numbers increased sharply. Fuel D-11 contained no detectable hydro-
peroxide prior to stress.

A survey of other nitrogen compounds as fuel dopants has been undertaken in D-1 fuel, The
results of 80°C - 14 day trials (unvented) with 450 ppm N (w/v) of a variety of compound classes are
shown in Table I. Alkyl substituted pyrroles were found to be the most active species, with pyri-
dines and quinolines less active, Peroxide numbers were low in the case of most pyrrole trials,
and the sediments obtained were rich in nitrogen. Curiously, Knorr's pyrrole (2,4-dimethyl-3, 5~
dicarbethoxy-) was a most inactive species, Thus, electronic factors may be important for pyrroles,

CONCLUSIONS
A common reaction pathway appears to exist for DMP-promoted sedimentation in DFM. Re-
sults obtained are consistent with those of other workers (2) A high-precision gravimetric method
of fuel storage stability determination has been developed.
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TABLE I

RELATIONSHIP OF NITROGEN COMPOUND STRUCTURE

TO SEDIMENTATION IN DFM (D-1)

{(Listed in Approximate Order of Activity)*

Group A (>100 mg/100 ml)

Group C (3-10 mg/100 ml)

Group D (<3 mg/100 ml)

2,3,4,5-Tetramethylpyrrole
Dodecahydrocarbazole
2,4-Dimethylpyrrole
2,3-Dimethylpyrrole

1,2,5- Trimethylpyrrole

Group B (10-100 mg/100 ml)

Pentamethylpyrrole
3-Methylindole

2, 3-Dimethylindoline
2,6-Dimethylpyridine
2-Methylpyrrole

4- T-Butylpyridine
3-Methylisoquinoline
Pyrrole- 2- Carboxaldehyde
1-Methylpyrrolidine

2, 6-Dimethylquinoline
2-Benzylpyridine
4-Iso-Butylquinoline
2-Methylpiperidine
Pyrrolidine
2-Acetyl-1-Methylpyrrole

LITERATURE CITED

3, 5-Dimethylpyridine
3,5~-Dimethylpyrazole
4-Methylquinoline

2- Methylquinoline
3-Methylpiperidine
2-Methylpyrazine
2,5-Dimethylpyrazine
Indole-3- Carboxaldehyde
5,6,7,8-Tetrahydroquinoline
5- Ethyl-2-Methylpyridine
Trans-2,5-Dimethylpiperazine
2- Methylindole
2-Methylpyridine

1, 2, 3,4~ Tetrahydroquinoline
2, 6- Dimethylpiperidine
2,4-Dimethyl-3,5-Dicarbethoxypyrrole
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INTRODUCTION

A fundamental understanding of the coal combustion process is important not only in the
operation of combustion furnaces but also in the design of equipment for efficient burning, especially
now when one of the requirements in the recent emphasis on coal utilization is clean burning, Even
when the combustion of coal and char particles has been studied for a long time and extensive liter-
ature exists in the subject (1-4), this fundamental understanding has not been established. A clear
demonstration is the wide variety of assumptions made in the most recent attempts of modeling the
phenomenon (5-10),

The combustion of coal particles is a heterogeneous phenomenon involving a relatively un-
known material and occurring in two stages: ignition and burn-out. Ignition depends on a balance-
between the rates of heat gain and loss to the particle; consequently the particle size, the environ-
mental conditions, and the reactor geometry that defines the fluid dynamics of the system play im-
portant roles. The study of this complex phenomenon is difficult, because in addition to its transient
character, it involves the simultaneous occurrence of a number of transport processes which apply
to a system whose dimensions and characteristics change with time.

Two ignition mechanisms for coal particles are accepted. Their occurrence depends ou lhe
reiative rates of two phenomena: the heating of the particle surface and the rate of volatile release.
When the rate of heating of the particle surface is larger than the rate of volatiles release, the
ignition takes place on the particle surface and the mechanism is called heterogeneous. In this case,
the particle surface reaches a temperature high enough for reacting and igniting prior to extensive
pyrolysis. On the other hand, when the rate of volatile release is larger than the rate of heating of
the particle surface, the ignition occurs in the gas phase surrounding the particle and the mechanism
is called homogeneous, In this case, the pyrolysis is so rapid that the particle surface is isolated
from the external gaseous mixture by a volatile layer. To investigate the conditions which control
the mode of ignition we conducted experiments utilizing single particles of coal.

EXPERIMENTAL

A schematic diagram of the apparatus is in Figure 1. The oxygen~nitrogen mixture is heated
in the gas preheater and then sweeps the reaction zone where a single coal particle is introduced by
gravity, using a specially designed injector. A light beam at location 1 is used to detect the time of
the particles entry into the reaction zone. The gaseous products are rapidly cooled and split to be
simultaneously measured by two nondispersive infrared analyzers, one for carbon monoxide and one
for carbon dioxide, A photo transitor connected to a light pipe placed within the reaction zone is
used to detect combustion generated luminosity, A microcomputer-based data acquisition system re-
cords the time of injection, the light generated by the particle's ignition and burnout, as well as the
carbon monoxide and carbon dioxide concentration in the product gas stream,

.In addition to the time of entry of the coal particle into the reaction zone the time of transit
of the product gases from the reaction zone to the detector must be determined. This transit time
was measured by injecting a short pulse of carbon dioxide into the reaction zone under the same con~
ditions as used in an ignition run and measuring the time to detector response, To characterize any
deformation of the product pulse as it flows from the reaction zone to the detector a similar short
pulse of carbon dioxide was directly injected into the detector cell. The shape of the pulse after its
travel through the system was compared with that resulting from the injection of the pulse directly
into the detector cell. No appreciable difference was detected, indicating that the conditions used
are very effective in reducing the deformation of the gas release curves.

A subbituminous coal (PSOC 648), whose characteristics are shown in Table I, was used in
this study, Particles from the 850-1000 micron sieve fraction were injected into a reaction
furnace swept with air at five temperature levels of 928, 980, 1076, 1118 and 1273°K.




TABLE I
CHARACTERISTICS OF COAL PSOC 648

Apparent Rank: Subbituminous B Proximate Analysis (as received)

Moisture 22,10%
Reflectance Rank: HVC Ash 4,58%

Volatile Matter 33,78%

Fixed Carbon 39.59%
Ultimate Analysis

As Received Dry Basis

Moisture 22,10% %
Ash 4,58% 5.88%
C 53.01% 68.05%
H 4.00% 5.13%
S (total) 0.33% 0.42%
N 0.80% 1,03%
O (by difference) 15.18% 19,49%

RESULTS AND DISCUSSION

Typical results of the gas evolution during combustion are shown in Figure 2 for selected
runs at the different temperatures used in this study. The carbon monoxide and carbon dioxide con-
centrations are plotted against time with zero time being that time when product gases are first de-
tected. Homogeneous ignition, as evidenced by a peak in the carbon dioxide product curve, is de-
tected at temperatures of 1076°K and higher, The integration of the gas evolution curves will give
the total mass of carbon in the original particle, if all the carbon is oxddized to carbon monoxide or
carbon dioxide, which means in the case of the combustion of a coal particle, the complete burn-out
of the volatiles released in the early stages of the combustion. Experimental results suggest that
this was the case, because the most djfficult hydrocarbon to be oxidized--methane--detected during
the pyrolysis of coal particles, was not found during their combustion.

The occurrence of either of the two mechanisms of ignition previously described can be
easily determined from the results of the light intensity measurements presented in Figure 3, When
a coal particle ignites homogeneously, the combustion in the gaseous phase of the volatile matter
released from the particle produces an initial flash of light, followed by the glowing of the remaining
particle as the heterogeneous combustion proceeds. On the other band, when the ignition mechanism
is heterogeneous, the initial flash of light is not observed and only the final glowing is detected.

The ignition mechanisms detected by light intensity and by gas release curves have been sum-
marized in Table II. There is complete agreement between tl.e two techniques, except at the inter~
mediate temperature of 1076°K. This discrepancy however, is consequence of an insufficient amount
of volatiles released by the particle for burning with enough intensity to generate a flash of light,
when the gas temperature is 1076°K, However, the amount released is enough to be detected before
the ignition begins on the surface of the particle. This is a clear advantage of the experimental ap~
proach used in this work and shows how both techniques complement each other.

The total combustion time can also be determined from light intensity measurements and from
gas evolution curves. A comparison between the results given by the two techniques is presented in
Figure 4, where the combustion time measured by carbon dioxide evolution is plotted against the
value obtained from light intensity for coal particles., Carbon dioxide was selected over carbon monox-
ide because of the greater sensitivity of the carbon dioxide detector, which allows the measurement
of the combustion time more accurately, The combustion times tend to be larger when they are
measured by gas evolution than by light intensity, This tendency is not unexpected because light can
be detected only after the particle temperature increases to a point at which it is visible from the
background. This high temperature is reached after a period in which gases were already evolving,

An unexpected result is the decrease in the proportion of carbon monoxide in the product gases,
as the gas temperature increases, If the measured concentrations of carbon monoxide and carbon
dioxide are the results of the chemical reaction on the surface, an increase in the proportion of car-
bon monoxide is expected as the temperature rises. The opposite trend is a consequence of the gas
phase oxidation of carbon monoxide to carbon dioxide, which modifies the relation of the primary
products of the reaction. In any case, the occurrence of this gas phase reaction does not affect the

results previously discussed, because they are based on the total carbon consumed in the particle,
and the gas phase reaction only affects the relative distribution of carbon as carbon monoxide or
carbon dioxide, but not the total carbon coming from the particle as the result of the chemical
reaction.




TABLE II

MECHANISMS OF IGNITION DETECTED BY DIFFERENT TECHNIQUES
IN THE COMBUSTION OF COAL PARTICLES

Gas
Temperature Ignition Mechanism Detected by
CK) Run_ Light Intensity Gas Evolution
928 150 Het Het
151 Het Het
152 Het Het
153 Het Het
154 Het Het
980 115 Hom Hom

116 Het Het
117 Het Het
118 Het Het
119 Het Het

1076 133 Hom Hom
134 Hom Hom
135 Het Hom
136 Het Hom
137 Het Hom

1118 097 Hom Hom
099 Hom Hom
100 Hom Hom
101 Hom Hom
102 Hom Hom

1283 081 Hom Hom
082 Hom Hom
083 Hom Hom
084 Hom Hom
085 Hom Hom

CONCLUSIONS

A differential approach has been developed for the study of the combustion process of single
coal particles. The experimental technique, based in the simultaneous measure of the carbon monox-
ide, carbon dioxide, and intensity of the light generated during the combustion, gives quantitative
information about the ignition and the subsequent burn-off of the residual particle. The apparatus de-
signed provides the special characteristics required in this study and the transition between the two
ignition mechanisms is achieved within the range of operation conditions, for the coal used in this
study.

The ignition mechanism is determined not only from measurements of light intensity during
the combustion, a technique commonly used in the past, but also from the gas evolution curves which
allow the quantification of the whole combustion process. The results show the convenience of using
both as complementary techniques in the determination of the ignition mechanism.
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THE EFFECT OF THE MOLECULAR WEIGHT OF ADDITIVE
ON THE PROPERTIES OF ANTIMISTING FUELS

By

A, F. Hadermann, J. C. Trippe
General Technology Applications, Inc., Arlington, Virginia 22209
and
P. F. Waters
The American University, Washington, D. C. 20016

INTRODUCTION

Antimisting aircraft fuels, when ignited, do not produce the roaring fireball which often ac~
companies aircraft crashes (1), This result is attributable to the suppression of the aerosolization
of the fuel by added macromolecules which alter the structure of the droplets of fuel emanating from
rent fuel tanks after the crash,

The first studies of the antimisting effect of macromolecules on aviation fuel were carried
out in Great Britain in 1968 (2), In that early work it was established that there was a qualitative
relationship between the suppression of the atomization of the fuel and the molecular weight of the
additive above a certain critical concentration; the latter being inverse to the molecular weight of
the additive, Subsequent investigations huve demonstrated a dependence of the antimisting effective-
ness of polyisobutylene in diesel fuel on the viscosity average molecular weight to a power exceeding
2 (3), and in jet-A fuel to the 2¢ + 1 power (4), where @ is the exponent in the Mark-Houwink equation.

In their study Chao et al, were able to demonstrate a strong correlation between the extent
of antimisting effectiveness and flammability reduction with the maximum ductless siphon height
supported by the solution, They introduced the ductless siphon to the study of antimisting fuels as a
measure of the elongational viscosity imparted by the macromolecules to the fuel. The apparatus
does not provide a uniform elongational flow field but there is no device, at present, for determining
the true elongational viscosity of these solutions and the ductless siphon has the advantage of being
easy to assemble and use. The precision of the measurements can be improved by drawing the liquid
column in a controlled environment, reading the height optically or with a strain gauge, etc. The
principal factor of interest with respect to antimisting fuels, however, is that it has been demonstrated
that the ductless siphon is a tool for rapidly screening macromolecules for their effectiveness as
antimisting agents,

In this work it is suggested that the ductless siphon might also be used for the rapid estimation
of the molecular weight of megadalton macromolecules.

EXPERIMENTAL

Three samples of polyisobutylene (BASF: B-100, B-200, B-200-246) were dissolved in iso~
octane at room temperature with occasional gentle swirling over several days. The viscosity aver-
age molecular weights were determined with an Ostwald viscometer from the Mark-Houwink equa-
tlon (5):

[n] = 3.06x107%M, 0.65 1)

The values are given in Table I,

The height-at-break of serial dilutions of the stock solutions of the three samples was meas-
ured in the apparatus of Figure 1, Six measurements were made on each solution and the measure-
ments were averaged, The averaged heights were plotted against the concentration and the slope of
each line, h/c, was determined by linear regression analysis, The slope values, along with the cor-
relation coefficients, r, are entered in Table I,

The effect of the molecular weight on the height-at-break property and, by extension, the
antimisting effectiveness and the flammability suppression potential of polyisobutylene in isooctane
is dramatic,

In a 1975 paper Williams (6) proposed a theory which explains why high molecular weight
macromolecules in dilute solution exhibit quite large extensional viscosities relative to lower molecular
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weight species, An extension of the theory applied to the use of the ductless siphon for estimating the
extensional viscosity of samples of antimisting fuels was completed last year (7). The working
equation is:

lno =31+ cnusMv(2a+1)/RT+___) 2

where n is the extensional viscosity
ng is the shear viscosity of the solution
¢ 1is the elongation rate in pure extensional flow
¢ is the concentration in g/dl
ng is the shear viscosity of the solvent
K and ¢ are the constants of the Mark-Houwink equation,

TABLE 1

VISCOSITY AVERAGE MOLECULAR WEIGHT AND SLOPES OF
HEIGHT-AT-BREAK VS, CONCENTRATION PLOTS FOR
SAMPLES OF POLYISOBUTYLENE MEASURED IN
ISOOCTANE AT 20°C

Sample My X 10-6 h r
c
(g/mol) (cm/g/dl) -
B-100 1.00 0 0,951
B-200 3.46 15.7 0.999
B-200-246 5.96 59.7 0.999

For a given polymer/solvent, for megadalton samples with the ductless siphon height-at-
break measured at the same temperature at which the exponential term in the Mark-Houwink equa-
tion is evaluated, we propose the relation:

A aree 3)

c

where k is a constant, For the polyisobutylene/isooctane system at 20°C, « = 0.65, A plot of Mv

vs h/c appears in Figure 2, where the theoretical curve, evaluated from the measured height-at-
break values, is given by:

M, = 1.05 x 106 (;lcl) 0,44 4

Inasmuch as interest in antimisting fuels is growing and ultra high molecular weight macro-
molecules are markedly superior in their performance in antimisting fuels, this method may be
used for rapid estimation of molecular weights when the Mark-Houwink exponential term is known,
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STORAGE STABILITY STUDIES OF U,S, NAVY DIESEL FUEL MARINE
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L. Jones, D, R, Hardy and R, N, Hazlett
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INTRODUCTION

An increasing trend in recent years is the utilization of heavier crude sources in producing
middle distillate fuels., The U.S. Navy's concern about long-term (up to three years) storage stabil-
ity of its diesel fuel marine (DFM) from such sources is the driving force for this study. The three
major objectives of this work are: 1) to improve empirical predictive storage stability tests; 2)
to better understand the chemical mechanism involved in middle distillate storage instability; and
3) to examine various commercial and experimental stabilizer additives as possible storage stability
improvers suitable to Navy needs.

In this paper we will deal primarily with the first objective and also include some preliminary
work and results on the second objective. Some of the problems and severe time restrictions of
utilizing empirical predictive storage stability tests will be specifically addressed.

EXPERIMENTAL

Accelerated Storage Stress Test

An empirical gravimetric test which was shown io be very precise for this type of anslysis
(+10% S. E.) of shale-derived diesel fuel marine (DFM) storage stability studies at NRL (1) was
adopted for this study. It congists of filtering 300 ml of a fuel through Gelman type A/E glass fiber
filters. The filtered fuel is transferred to a clean, dry, borosilicate brown glass 500 ml bottle
weighed to the nearest 0.1 mg. The teflon-lined cap is placed on the bottle but not tightened, The
bottles are placed in a dark oven held to constant temperatures within +0.5°C for a specified number
of days (+0.1 days). Temperatures chosen for the accelerated tests were 43, 65, 80 and 100°C.
After removal from the oven the bottles are allowed to cool to ambient temperature and relative
humidity in the dark for 24 hours (+2 hours), The fuel is filtered through a Blichner funnel with
Gelman type A/E glass fiber filters weighed to the nearest 0,1 mg. The bottles and filter pads are
rinsed with 3 x 50 ml of n-hexane aliquots to remove fuel and to ensure transfer of all non-adherent
material from the bottle. The bottles and filters plus funnels are evacuated in a vacuum oven with
a mechanical pump and then heated in vacuo for about 18 hours at 120°C, The vacuum oven is turned
off and allowed to return to room temperature before removing the bottles and filter funnels, The
bottles and filter funnels are weighed to the nearest 0,1 mg on a Mettler H315 (1000 g capacity)
balance. Adherent gum is the weight difference per bottle corrected for a blank, divided by 300 and
reported as mg/100 ml of fuel, TFiltrable sediment is the weight difference of the filter pads cor-
rected for a blank, divided by 300 and reported as rog/100 ml of fuel. The sum of these two values
is reported as total insolubles in mg/100 ml of fuel. The mean and standard deviation of triplicate
runs is generally reported. A blank determination is made for each time and temperature run, The

filtrable sediment blank is a funnel and filter pad subjected to the same post stress handling a samples.

All sample values reported herein have been corrected for a blank determination,

Fuels

In general, fuels used in this work were received in five-gallon metal containers and trans-
forred to five one-gallon epoxy-lined metal containers and stored in a cold room at +4°C until used,
Most fuels were supplied through the Navy Petroleum Office from refineries and storage depots
world-wide, All fuels had conformed to military specifications for Navy DFM at time of receipt by
the Navy,

Capillary GC-MS was performed on a Hewlett Packard fused silica 0,3 mm I, D, x 50 m
cross-linked methyl silicone column directly inserted into the electron impact source of a Hewlett
Packard 5982A mass spectrometer through a modified solids probe inlet, Flow was adjusted to
one ml/min of helium and the injector split ratio was approximately 50:1,

Elemental analyses were performed on a Perkin Elmer Model 240 Elemental Analyzer for
carbon, hydrogen, and nitrogen. Oxygen analysis was performed on a Coulometrics Oxygen Analyzer,

-
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RESULTS AND DISCUSSION

Stress Tests

Four petroleum derived DFM's covering a wide range of storage stability as defined by
ASTM D2774 were selected as the test matrix to determine the statistical variations of the accelerated
storage stability test described above, Typical data are reported in Table I (at 80°C for 14 days)
with standard errors ranging from 1 to 11% of the mean, Data for a series of triplicate tests run
at 80°C for these four fuels at 7-21 days are plotted in Figure 1, All four curves are quadratic least
squares best fits, Three fuels exhibit a modest acceleration in sediment formation but 82-10 ex-
hibits a deceleration, The data are further broken down and plotted as total and filtrable sediment
for two fuels (81-5 and 82-10) in Figures 2 and 3. The filtered sediment line generally follows the
shape of the total sediment curve but Figure 3 shows the exception, This type of behavior under-
scores the importance of fuel dependence on such measurements.

.

TABLE I

WEIGHT OF TOTAL INSOLUBLES IN Mg/100 Ml OF FUEL
STRESSED FOR 14 DAYS AT 80°C

Filtered  Adherent Total
Fuel Sediment Gum Insolubles Mean S.D.
82-8 0.9 2.3 3.2
0.9 3.0 3.9 3.6 0.4
0.9 2.7 3.6
81-5 5.0 1.3 6.3
4.6 1.6 6,2 6.4 0.4
4.7 2,2 6.9
81-8 6.5 2,2 8.7
6.4 1.8 8.2 8.5 0.3
6.8 1.7 8.5
82-10 25.5 3.8 29.3
25.5 4.3 29.8 29.6 0.3
24.4 5.2 29.6

Five additional current-use Navy DFM's from petroleum were stress-tested in an effort to
1) broaden the total fuel test matrix and 2) screen for a marginal storage stability type of fuel (one
which exhibits relatively high weights of total sediment during short stress tests). Table II gives
selected results for four fuels which exhibit different trends in the formation of insolubles as stress
temperature and time are increased, These results emphasize the fact that simultaneous, not neces-
sarily related, reactions are proceeding, which form varying amounts of two different types of
precipitate in the fuel - adherent and filtrable. The total insolubles formed by any particular fuel
increase with increase in stress temperature and stress time. Data from Table I indicate that be-
tween 80 and 100°C for the five fuels studied the pseudo~Arrhenius plot of Figure 4 may be dis-
continuous, i.e., the rate of total sediment formation increases about two to four times faster than
expected. This needs to be confirmed by running more fuels and by increasing the number of repli-
cate samples. Figure 4 is plotted for one particular fuel, 81-5, and shows the time required at any
particular temperature of stressing to form an equivalent weight of total sediment, The expected
straight line relationship is not achieved. This may be indicative that accelerated storage stability
tests at temperatures above 80°C may not be predicting correctly either the quantitative or the qual-
itative aspects of the phenomenon. This is an important consideration in future work in this area
involving stabilizer additive studies.

Chemical Characterization of Sediments

Since the predominant type of sediment formed (adherent or filtrable insoluble) appears to be
fuel dependent it will be necessary to carefully characterize each type in order to be able to postu~-
late possible mechanisms of formation. In general the adherent sediment is more soluble than the
filtrable sediment, This means that the adherent gum is more amenable to standard gas chromato-
graphic and GC/MS characterization. Adherent gums formed by stressing DFM fuel samples at 100°C
for 21 days were analyzed by GC/MS, Chromatograms of the adherent gum are all quite similar to
those of the non-stressed fuel. The most striking feature of the chromatograms is the symmetrical
appearance of n-alkanes ranging from C-9 to C-20 (in the adherent gum) and C-9 to C-24 (in non-
stressed fuel). Preliminary work indicates that oxidized hydrocarbons are co-eluting with the higher
n-alkanes in adherent gum samples.




TABLE II

ALL WEIGHTS ARE GIVEN IN Mg/100 Ml OF FUEL., STRESS TEMPERA TURES
ARE GIVEN IN °C AND STRESS TIMES ARE GIVEN IN DAYS

Filtered Adherent Total
Fuel/Temp/Time  Sediment Gum Insolubles Mean S.D.
82-8/43/52 0.0 0.5 0,5

0.1 0.6 0.7 0.4 0.4

0.0 0.0 0.0
82-8/20/21 0.8 4.8 5.6

0.3 5.5 5.8 5.1 1.1

g 0.5 3.3 3.8
81-5/43/52 0.2 1.0 1.2

0.2 1,7 1.9 1.4 0.4

0.2 0.9 1.1
81-5/80/21 5.7 2.7 8.4

6.8 2.7 9,5 9.0 0.6

6.8 2,2 9.0
82-36/80/21 1.3 1.3 2.6

1.2 1.3 2.5 2.6 0.2

1.7 1.1 2.8
82-36/100/6 1.1 6.7 7.8

1.4 6.8 8.2 8.0 0.3
82-32/80/21 1.5 0.9 2.4 P

- -y O Vel

i.0 iz 2.2
82-32/100/6 1.0 7.6 8.6 ’

1.0 7,2 8.2 8.4 0.3
82-33/80/21 0.5 2.3 2.8

0.0 0.3 0.3 1.3 1.3

0.5 0.2 0.7
82-33/100/6 1.3 1.6 2.9

L5 1.4 2.9 2.9 0.0
82-35/80/21 1.1 0.5 1,6

0.7 0.8 1,5 1.3 0.5

0.7 0.0 0,7
82-35/100/6 1.0 2.4 3.4

0.7 0.5 1.2 2.3 Ls¢

TABLE NI

ELEMENTAL ANALYSIS OF FILTRABLE SEDIMENT FROM NRL FUEL 82-10
STRESSED FOR 21 DAYS AT 80°C. ALL VALUES IN WEIGHT PERCENT

Element Weight %
Carbon 62
Hydrogen 5
Nitrogen 3
Oxygen 25
Sulfur 2
Ash 2
Total 99

The filtrable insoluble sediment is much more difficult to solubilize and is not amenable to
standard techniques of MS identification. Preliminary VPO measurements indicate that the filtrable
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insoluble sediment is of higher molecular weight (up to 1500 amu). A typical elemental analysis for
filtrable sediment of 82-10 (a particularly unstable DFM) is given in Table II. Oxygen has been
directly determined by coulometric measurements. The high heteroatom content is typical for this
type of sediment (2). Six major components of a filtered sediment extract in hot THF have been
isolated by gas chromatography, Filtered sediments are usually insoluble in most organic solvents.
Further analysis of the major fuel degradation components will establish the identity of the reactive
species in fuels,

LITERATURE CITED

1) Hazlett, R. N,, Cooney, J. V., and Beal, E, J,, First Annual Report, Sept. 15, 1981~
Sept, 30, 1982, NRL, Washington, D.C., to be published by USDOE under contract
DE-AI-19-81BC10525.

2 Nixon, A. C., "Autoxidation and Antioxidants of Petroleum", Chapter 17 in ""Autoxidation
and Antioxidants', W, O. Lundberg, Ed., John Wiley, New York, 1962,



GENERAL PAPERS - POSTER SESSION
PRESENTED BEFORE THE DIVISION OF PETROLEUM CHEMISTRY, INC.
AMERICAN CHEMICAL SOCIETY
WASHINGTON, D,C. MEETING, AUGUST 28 - SEPTEMBER 2, 1983

RADIOACTIVE (*4C) TRACER STUDIES OF METHANOL CONVERSION
OVER A Ni-ZSM-5 ZEOLITE

By

F. S, Hwu* and J. W, Hightower
Department of Chemical Engineering, Rice University, Houston, Texas 77251

INTRODUCTION

Within the last few years, researchers at the Mobil Research and Development Corporation
(1) have synthesized a novel zeolite catalyst, ZSM-5, which is capable of converting oxygenates,
e.g., methanol, into aliphatics and aromatic hydrocarbons in the gasoline boiling range, Since tech-
nology exists for making methanol from coal-derived synthesis gas (2), this new process
provides an additional source of chemical feedstocks and transportation fuels,

In the conversion of methanol to hydrocarbons over such catalysts, more than 100 different
compounds have been identified (3,4). The major hydrocarbon products can be classified into three
categories: olefins, paraffins, and aromatics, There is a strong possibility that some of these
products, once formed, react further to produce other products. The objective of this research was
to investigate this possibility by labeling some of the products and following the transfer of the label
to other products.

The reaction is thought to follow the sequence

Methanol ‘_.__~—2—\;:28 Dimeihyi ether HzC | Cg - Cg Olefing —» Paraffing and Aromatics
The interconversion of methanol and dimethyl ether over such catalysts has been confirmed in several
studies (5,6). At very low conversion of methanol, dimethyl ether is the major product, and the
transformation of methanol into dimethyl ether is 20 to 30 times faster than hydrocarbon formation (6).
On the other hand, when dimethyl ether 18 the starting material, both methanol and hydrocarbons are
formed readily (5,6). The intermediate role of dimethyl ether was also confirmed by using a 13CH3-
0-13CHg tracer technique (6).

The roles played by the lightweight olefins were investigated by Dejaifve et al. (7). They
carried out reactions of C2, Cg3, and C4 olefins over ZSM-5 catalysts and observed similar aromatic
product distributions from both methanol and all the olefins. Therefore, they concluded that light
olefins were intermediates of methanol conversion to gasoline boiling range products.

This research was aimed at identifying some of the major reactions involved in the overall
methanol reaction. A 14C-labeled tracer technique was developed to explore the roles played by the
various species, including olefins, paraffins, and aromatics. The results are described herein.

EXPERIMENTAL

Catalyst
The original ZSM-~5 catalyst was prepared at the Exxon Research and Development Labora-

tories. This material was in the sodium form and was calcined for 2 hours at 600°C. It was then
soaked in a solution of ammonium nitrate (9 wt%) for. another 2 hours with constant agitation, After
the resulting NH4-ZSM-5 had been washed and filtered, it was impregnated with a solution of 0. 0439 g
nickel acetate/g of dry zeolite and then heated until dry at 120°C. This impregnated Ni- ZSM-5 cata-
lyst was subsequently blended with alumina, which served as a binder, in the proportion 0,3 g alum-
ina/g ZSM-5. All catalysts used for these reaction studies were pelletized, crushed, and screened
to 30/40 mesh,

Chemicals

Methanol (99. 99% purity) was obtained from Fisher Scientific Company. The radioactive
compounds, along with their suppliers, are shown in Table I. Both chemical and radiochemical
purities of each were checked by the radio-gas chromatograph described later. Since the methanol,

*Present address: Department of Mechanical Engineering, University of Texas, Arlington,
Texas 76019,




propylene, 1-butene, n-hexane, n-heptane, and benzene were satisfactory in both chemical and radio-
chemical purities, they were used as recelved. However, radioactive impurities were found in the
original ethylene and iso-butane, which necessitated purification with a preparative GLC column

(30 ft, long 5/15 in, O. D, Porapak Q at 100-150°C).

Reactor System
Figure 1 shows the experimental set-up. Liquid methanol was admitted into a stream of

helium carrier gas by a syringe pump, To facilitate rapid vaporization of the liquid reactant, the
glass sections immediately before and after the syringe injection port were packed with glass beads
and heated by nichrome wire, A 250 ml mixing volume was installed before the reactor to moderate
any pulsations in the reactant concentration,

TABLE 1
RADICACTIVE CHEMICALS

Specific Activity Chemical

Compound {mC/mmole) Purity Manufacturer*
Methanol 6.7 98+% PLI
Ethylene (1,2-14C) 3.5 98% CBC
Propylene (1-14C) 1.0 98% CBC
1-Butene (4-14C) 5.0 -— ICN
i-Butane (2-14C) 1,02 98% CBC
n-Hexane (1-14C) 1.0 -— ARC
n-Heptane (1-14C) 1.0 — ARC
Benzene 1.0 -— ARC

*PLC - Pathfinder Laboratories, Inc,
CBC - California Bionuclear Corp.
ARC - American Radiochemical Corp.

Pulses of radioactive tracers were introduced into the pre-evacuated doser through the
standard taper ST1, The pressure in the doser was monitored with a mercury manometer.

The catalyst bed and a bed of vycor chips, located just upstream from and having the same
mesh size as the catalyst, were sandwiched in the reactor between two glass wool plugs. The vycor
chips served as a preheater and helped develop plug flow In the catalyst bed.

Radio-Gas Chromatograph System

A radio-gas chromatograph (RGC) system, shown schematically in Figure 1, was integrated
with the reaction system to facilitate periodic sampling and on-line analysis of the products from the
reactor. This system consisted of a modified Varian model 3700 gas chromatograph, three differ-
ent types of detectors (TCD, FIC, ICD), a separation column, and a changeable sample loop con-
nected to a 6-port valve V3.

The temperature programmed chromatographic column was a 7-ft, by 1/8-in, O, D, stainless
steel tube packed with 15% squalane on 80/100 mesh chromosorb P, Connected to the column exit
was a stream splitter which divided the effluent stream into two parts in the approximate ratio 1:10,
The smaller stream went to the FID (flame ionization detector) and the larger stream was directed
into the ICD (ionization chamber). The argon quench gas was used to sweep the radioactive gases
out of the 4.5 ml ionization chamber quickly for improved peak resolution (10).

Experimental Procedure

The reaction was carried out in a finite~tracer but continuous-reactant flow manner, This
arrangement was used to minimize the consumption of expensive radioactive chemicals and yet to
conduct the experiment in the "steady state' so that meaningful kinetic data could be extracted.

With methanol and helium flowing through the reactor, the reaction was brought to the steady
state at a fixed set of conditions with the effluent bypassing the sample loop. A very small amount
of tracer was introduced into the large pre-evacuated doser (50 ml). The tracer was then diluted
with a portion of the reactant stream to make the pressure In the doser the same as that in the re-
action system, This made the composition of material in the doser identical to that in the reactant
stream except for the small amount of tracer in the doser.

Each radio-tracer experiment was begun by diverting the reactant stream to flow through the
doser, and a liquid nitrogen trap collected all the hydrocarbons (except methane) in the product
stream. After all the radioactive materials were trapped in the sample loop (usually about 8 minutes),




the sampling valve was returned to its original position, the liquid nitrogen dewar flask was removed,
and the products were flashed into the GLC column, The amount of each product was monitored on
the FID, and the radicactivity in each peak was measured by the ICD.

The specific activity Aj in each of the analyzed peaks was calculated by the following equation:

(Radioactivity in product i, mC)
Ay = (Total radioactivity in all hydrocarbon products, mC)
Moles of product i
Total moles of hydrocarbon products

RESULTS

Different types of 14¢_]abeled tracers -- olefins (ethylene, propylene, l-butene, paraffins
(iso-butane, n-hexane, n-heptane), and aromatics (benzene) -- were used to investigate the roles
tiiat these several species play in the overall methanol-to-hydrocarbon reaction,

In all experiments, the reaction was carried out over 100 mg of the Ni-ZSM-5 catalyst at
368°C and 1 atm total pressure, The partial pressure of methanol in the inlet stream was 0, 05 atm,
and the space time T was 218 mg cat. sec/cm3-STP, Other reaction conditions for each experiment
are given in Table II

TABLE II
REACTION CONDITIONS FOR TRACERS

Ethylene Propylene 1-Butene i-Butane n-Hexane n-Heptane Benzene

Amount
Added 0.51 0.76 0.76 1.14 2,53 2,53 1.03

(rmole)

Radio-

activity 1.79 0.76 0.10 1.16 0.10 0.10 0.30
(Cle)

Partial pressure of methanol - 0,05 atm
T (Space time) - 218 mg cat:sec/cm3-STP
Reactor temperature - 368°C

Table III lists the specific activity Aj for all the products (or groups of products) when the
olefins, ethylene, propylene, and l-butene, were used as tracers, For propylene and l-butene, the
radioactivity was almost uniformly spread among all the products, even including the compound ini-
tially labeled. However, for ethylene less than 50% of the radioactivity was incorporated into other
products with the majority remaining in the ethylene. For this reason, the radioactivity in the ethyl-
ene was excluded from the normalization of the radioactivity in each of the products. In other words,
the distribution of radioactivity among the various products was based only on the ethylene that re-
acted, and not on the total radioactive ethylene admitted.

TABLE III
RADIOACTIVITY DISTRIBUTION AMONG HYDROCARBON PRODUCTS

Specific Activity in Products

Tracer Ca C3 €4 G5 Cﬁ+ Toluene  Xylenes
CaHy -—--* 1,20 1,03 1.43 1,00 2,18 1.62
C3Hg 0.39 1,15 1.00 1,38 0,95 2,27 1.81
1-C4Hg 0.35 0,91 1.3 1,52 1.18 2,06 1.64

*Since more than 50% of the added radioactivity remained in the ethylene,
its radioactivity was not included in calculating the specific activity of
the other products. Thus, the specific activities given are based only on
the ethylene that reacted, not the amount added,

The paraffins were much less reactive than the olefins, For example, in the runs with iso—
butane as the tracer, essentially no radioactivity was found in any reaction products other than in
the iso-butane, When n-hexane and n-heptane were used as tracers, most (ca. 80% of the radioactivity




remained in the starting labeled tracer compound. There was a small amount of radioactivity in the
Cg to C4 aliphatics. Significantly, no radioactivity was detected in the aromatic products.

When labeled benzene was used as a tracer, no radioactivity was found in any of the products
except certain aromatics, i.e. there was no measurable radioactivity in the aliphatics, The major-
ity (52% of the radioactivity remained in the benzene, Considerable radioactivity was in the toluene
(269, followed by (o+m)-xylene (18%, o-xylene (3%), and trimethylbenzene (1%). Since the
products contained about 6 times as much (o+p)-xylene as m-xylene, the "specific activity' for these
dimethyl aromatics must be the same. Toluene had a higher specific activity (approximately by a
factor of 3.4) than the xylenes, while trimethylbenzene had less (about 0. 2) relative to the xylenes.

In all cases the conversion of methanol was 100%.

DISCUSSION

Olefin Tracers

The observation of radioactivity in all the hydrocarbons from methanol conversion when
labeled ethylene, propylene, or l-butene were used as tracers clearly indicates that these three
light olefins play very important roles in the overall methanol-to-hydrocarbon reaction. Especially,
the results have verified that even ethylene is involved in the reactions (as postulated by Dejaifve
et al. (7) and suspected by Anderson et al. (8)), although ethylene is much less active than are the
larger olefins,

In view of the lower reactivity of gaseous ethylene as evidenced by the retention of much more
radioactivity in itself than occurred with the labeled propylene and l-butene, we suggest that the de-
sorption of ethylene is faster than its reactive chemisorption., Moreover, the appearance of radio-
active propylene from the initial ethylene tracer supports the claim that the surface reaction of
chemisorbed ethylene with methanol is relatively fast, Such a facile reaction of surface ethylene
with methanol and/or dimethyl ether, viewed as an autocatalytic step, has been described by Chen
and Reagan (9),

The data in Table III show that specific radioactivities of C2, C3, C4, and Cs aliphatics are
of the same order of magnitude., This strongly suggests that the formation of aliphatics proceeds
mainly via a Cj step addition, or more specifically through alkylation with methanol or dimethyl
ether,

The detection of much less specific radioactlvity in the C2 aliphatics from the propylene tracer
and in the Cg2 - Cg aliphatics when l-butene was the tracer implies that these small olefins are not
cracked substantially but are rather incorporated into higher molecular weight products. These
larger hydrocarbons may then be cracked into lower molecular weight compounds.

Similar specific radioactivities were found in both toluene and in the xylenes, regardless of
which olefinic tracer was used. This observation illustrates the common role played by these light
olefins in the formation of aromatics during methanol conversion of the Ni-ZSM-5 catalyst. Further-
more, since the specific radioactivities in the aromatics are 1.5 to 2,0 times greater than those in
the C3 and C4 products, it is reasonable to infer that a major pathway of toluene and xylene forma-
tion is the reaction between one C3 and one C4 or two C4 species. This conclusion was also drawn
by Derouane and co-workers (7).

Paraffin Tracers

Paraffins are relatively stable final products in the methanol conversion system, The fact
that 14C-tagged iso-butane retains essentially all its radioactivity within itself among the hydrocar-
bon products shows that neither isomerization of butanes nor alkylation of iso-butane with prevailing
olefins is occurring at 368°C.

In methanol conversion over ZSM-5-type zeolites, monomethyl paraffins and olefins pre-
dominate over their straight-chain counterparts (5,8). The same was observed with our Ni-ZSM-5
catalyst. In general, this is consistent with thermodynamic equilibrium (the methyl paraffins are
more stable than the corresponding straight chain molecules), except for the butanes, At 368°C
thermodynamics predicts that n-butane is more stable than iso-butane (57% vs. 43%). Since these
two paraffins are not interconverted under reaction conditions, they are probably formed mainly by
hydrogen transfer to the respective n-butenes or iso-butene,

Aromatic Tracers

Benzene {s a very thermodynamically stable compound. However, its low concentration among
the reaction products causes one to question its function in the overall methanol conversion reactions,
The radioactivity distribution among the aromatic products when benzene was used as a tracer re-
veals that alkylation of benzene to form toluene, the xylenes, and trimethylbenzene is a major route
for their formation,

Benzene may be alkylated with methanol or with dimethyl ether to produce toluene, which in
turn reacts with more methanol or ether molecules to form first the xylenes and then the trimethyl-
benzenes, This is consistent with the specific activity ratio following the order toluene > xylenes >
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FIGURE 2. ALKYLATION OF AROMATICS
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trimethylbenzenes when benzene was used as the tracer,

It is worth noting that the role played by benzene in the formation of alkylated benzenes is quite
similar to that of ethylene in the production of higher aliphatics. As observed for the ethylene tracer,
14¢-labeled benzene retains most of its radioactivity intact, again indicating that reactive chemisorption
is relatively slow, However, the formation of radioactive toluene suggests that the surface reaction of
the chemisorbed benzene with methanol or dimethyl ether occurs readily, These results also seem to
point out that the nature of this reaction is autocatalytic, as proposed by Chen and Reagan (9) for
ethylene reaction with methanol or dimethyl ether to account for the low concentration of ethylene in
the product.

In light of the acidic properties of the ZSM-5 catalyst, a carbenium ion mechanism can be
proposed for the formation of alkylated benzenes from benzene as indicated in Figure 2,

CONCLUSIONS

Through the use of 14C-labeled tracer compounds, some important secondary reactions have
been identified in the overall conversion of methanol to hydrocarbons over a Ni- ZSM-5 catalyst. The
major findings are:

1, The alkylation of light olefins with methanol or dimethyl ether is a major pathway for the
formation of larger olefins with one more carbon atom,

2, Paraffing are mainly produced by hydrogen transfer reactions to their corresponding
olefins, i.e,, ones having the same carbon skeleton,

3. Except for minor cracking reactions, paraffins with up to at least 7 C atoms are final
stable products; isomerization among paraffin isomers does not take place at 368°C.

4, Light olefins, e.g., ethylene, propylene, and butenes, are reactive intermediates for
aromatics formation,

5. Aromatic compounds can also be produced by methanol- or di- methyl ether-alkylation of
benzene and subsequent alkylated benzenes,
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INTRODUCTION

New Zealand is an exporter of commodities and thus completely dependent on world market
conditions, Its large resources of hydro-electricity, forests, natural gas and fish give it the possi-
bility of industrializing. The off-shore debt on March 31, 1982, stood at US $ 3, 263 million or about
US 1,052 per head of population - just about as high as the per capita debt of Argentina - a coun-
try mentioned when the world banking system started to worry about possible defaults, In the words
of Foreign Minister Warren Cooper before the U, N, General Assembly on October 6, 1982 -

""As a small trading nation, New Zealand is acutely sensitive to fluctuations in the health of our
major trading partners. New Zealand is classed as a developed country, but we share many of the
problems of developing countries™.

New Zealand has no oil resources and when the country was hit by the Energy Crisis it de-
cided to develop the gas fields at Kapuni and at Maui in the Taranaki province (in the western part of
the North Island) in order to collect associated liquid condensates. The gas was first used to fire
electrical plants and later readied for reticulation via pipelines in the Northern Island. Eventually,
when the condensate became so much more valuable than the gas - despite its quantity being much
smaller - it actually led to flaring the gas to waste in order to obtain the condensate. A "take-or-
pay" system was negotiated under which the government is contracted to take a given amount of gas
per year from the producing partnership. Assuming that future oil prices will rise only a few per-
cent per year in real terms and performing a standard Discount Cash Flow analysis with a 10%
discount rate, the conclusion reached was that there was a higher financial value to be obtained from
using the condensate - leading to a zero value for the gas and to a financial justification for flaring
it. On the other hand, the gas could be used 1) for reticulation, 2) for promoting a CNG industry
(compressed natural gas) or 3) for use in petrochemical industries to produce chemicals or further
liquid fuels. Following this logic, and attempting to produce the least change in the transportation
system, the New Zealand Ministry of Energy went along with a plan to produce synthetic gasoline
from what was then seemingly unwanted gas.

’ The present paper argues that it would be rather to the long range advantage of New Zealand
for the Government to stop at the methanol stage and use methanol as a new liquid fuel in addition to
CNG motor fuel rather than go all the way to produce the synthetic gasoline from natural gas.

A MISUSED INNOVATION

Mobil Research and Development Corporation laboratories in Paulshoro, New Jersey, de-
veloped spongy, shape-selective catalysts to pron;ol:e a reaction that transforms alcohol into hydro-
carbons by excising water molecules, The catalysts are different pore sized aluminum silicates or
clays called zeolites (the Greek word for boiling stones - this because the ancient Greeks observed
that certain stones when thrown into fire appeared to boil, thus indicating that the interior structure
was hollow enough to contain water and that the pore openings were large enough to allow the water
to escape),  ZSM-5 is a synthetic zeolite whose uniform pore size and shape is such that when treated
in a Mobil-developed process will make possible the chemical reactions involved in the elimination
of water molecules from the methanol feedstock. (Z stands for Zeolite; S stands for Socony, and
M stands for Mobil as "Socony" or Standard Oil Company of New York was an old name for today's
Mobil Oil; 5 is a key for the class of the catalyst.)

When producing the hydrocarbons we define as synthetic gasoline, the catalytic process con-
sumes 10-15% of the energy content in the methanol feedstock (1) but what should be remembered as
equally important is that half of the volume of the liquid feedstock is lost when the water molecules
are eliminated. Then, depending on how the fuels are used, if the energy content as measured in
calorimetric units does not express accurately the work yield of the fuel vehicle engine, or if dif-
ferent fuels show different efficiencies when used in the same engine, the fact that we have lost half



the volume may lead to serious differences in work yield. In other words, reducing the liquid fuel
volume of the methanol to approximately one half in order to form the twice higher energy-content
synthetic gasoline wastes advantages the alcohol has had per energy unit, This is where the most
serious inefficiencies of the Mobil MTG (methanol-to-gasoline) process are incurred - more so than
in the energy loss of the process itself (2).

The methanol for the Mobil process can be obtained by passing synthetic gas produced from
coal over a copper catalyst or starting with natural gas. Mobil Oil has no proprietory technology
for the production of methanol and in New Zealand it will be using an L C,1. process and 40% of the
natural gas feedstock energy content will be lost at this stage. The Mobil ZSM-5 catalyst's com-
peting technology is a ZnClg process that was also looked into by the New Zealanders when making
their decision (3). To be sure, one does not expect difficulties in upscaling the Mobil MTG process
from the four-barrels-a-day pilot unit in Paulsboro, New Jersey to the 13,000-14,000 b. p.d. plant
at Motunui, New Zealand, and when completed the plant will most probably deliver as planned but
then one could reasonably expect that besides not allowing for a maximum gain to New Zealand from
the available natural gas resource, the influx of synthetic gasoline will create an amazing stress on
the one and only petroleum refinery in New Zealand that will have to continue to operate on imported
crude in order to provide the needed diesel fuel, leading to a future when New Zealand will probably
have to import expensive petroleum crude and export cheap gasoline. New Zealand will be left in
the process totally dependent on petroleum or "Petroleum-alike" fuels while losing the opportunity
it had to move away from petroleum systems by using the natural gas as an entry to a gas and alco-
hol future to make the two New Zealand islands energy independent indeed. This goal cannot be
achieved by providing fuels to existing systems, but rather by adapting its fuel uses to fuels avail-
able locally i.e. change its motor vehicle fleets to CNG and methanol cars and opening the future,
by establishing now the appropriate end use to biogas, synthetic natural gas from coal, methanol
from coal or peat and ethanol from biomass.

New Zealand in answer to its energy needs was destined to experiment with new energy de-
velopment but it seemingly chose to stay with the old instead of going the way of true innovation,
New Zealand, thanks to its geography can ge it alone, Dy not having io worry about cross-border
traffic it can isolate itself by going CNG and methanol before the rest of us do so (3).

THE PETROLEUM REFINERY

Petroleum refinery design is dictated by the needs of a relatively small number of products,
e.g., gasoline, jet fuel, diesel fuel, fuel oil. It is generally recognized that the most important
part of any refinery is its gasoline manufacturing facility. As the demand for gasoline increased,
more and more of the lighter kerosene components were included in gasoline but the maximum suit-
able portion depended on the kind of crude oil and rarely exceeded 20%. As such, methods more and
more complicated were developed to obtain further products that could be blended into the original
gasoline fraction. The customary processing in a refinery is thus no more a fractionation process
producing relatively pure hydrocarbons, but rathe